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DESIGN OF A LARGE SOLAR HEATING SYSTEM
FOR
A CAMPUS COMPLEX OF BUILDINGS

John R. Schneider and Sherril F. Glover
Sverdrup & Parcel and Associates, Inc.
St. Louis, Missouri

Abstract
The design program is presented describing the world's largest
central solar heating system developed for the Saudi Arabian
Government.
Domestic hot water and building space heating is
provided for a campus complex of fourteen buildings. Feasibility
studies through the final design are discussed.
1.

INTRODUCTION

monitoring its construction, and in
initial checkout and operation (per
Sverdrup & Parcel-furnished operation
and maintenance manuals) will complement
the knowledge from the various ERDA
systems.

In July of 1975, Sverdrup & Parcel was
commissioned by the Army Corps of Engi
neers to design an Airborne and Physical
Training School for the Saudi Arabian
government in TABUK. This included all
architectural and engineering design
beginning with the 800 by 1500 feet site
plan to the detail design of each of the
fourteen buildings as shown in Figure 1.
The design, including a solar heating
system, will be completed on October 27,
1976, and construction will begin in
early 1977.

This design program is presented in a
chronological sequence. This paper
describes the feasibility of solar
heating, the passive design requirements
necessary to make solar heating more
economical, and the active solar heating
system design.
2.

FEASIBILITY OF SOLAR HEATING

Since the climatic conditions in Tabuk
are similar to some of the arid areas of
the southwestern United States, the
potential use of solar energy looked
favorable.
In accordance with the
system design requirements of high
reliability, good maintainability, and
cost effectiveness, solar powered air
conditioning was not considered.

The feasibility of collecting solar heat
and using it in a cost effective manner
is dependent primarily on two factors.
These factors are the solar heating
potential at the application site, and
the heat load requirements that are to
be satisfied.

The above design requirements and the
fact that the application site is in a
foreign land 4,000 miles from the United
States, dictated that the solar system
be a practical design with a straight
forward, well-defined sequence of opera
tion. In other words, this project
could not afford the experimental or
developmental objectives of an ERDA
demonstration system. We believe that
the knowledge obtained in designing this
more practical production system, in

The solar heating potential in Tabuk is
high for two reasons.
First, the sky is
quite transparent with a sky clearness
number of 0.96 and a resulting insola
tion of 335 Btu/SF/ HR. (1) This is a
maximum at solar noon in the wintertime.
Secondly, the duration of heavy solar
obscuration, primarily by dust clouds,
is less than five percent of the time on
an annual basis. Thus, the potential for
solar heating is about the best in the
world.
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FIGURE 1
AIRBORNE AND PHYSICAL TRAINING SCHOOL
KING ABDUL AZIZ MILITARY CANTONMENT
TABUK SAUDI ARABIA

building designs, and the proper layout
and insulation of the solar heating
system components. Integration of these
requirements early in the program was
important to obtain a cost-effective
solar heating system. The roof of the
large field house was designed to sup
port and locate all of the 47,000 square
feet of solar collectors in a single
area to accommodate the centralized
solar system. The field house faces due
south, the optimum orientation for
maximum collection of solar heat. The
architecturally-attractive pylons sup
porting the field house roof provided
idea containment for the storage tanks
in close proximity to the collectors and
the utility tunnel used to supply the
solar-heated water to each building.

The design heat loads are 36,000 gallons
per day of domestic hot water, and a
winter time building space heat load.
This space heat load is about the same
size as the domestic hot water load on
an annual bais. The 36,000 gallons per
day of hot water is a constant year
around requirement whereby 70 F well
water is heated to the 140 F delivery
temperature. This quantity of water
would supply about 400 American homes.
The delivery temperature requirement of
the building space heating water is 120
F with a return temperature between 90
and 100 F.
The high heating potential makes it
feasible to supply all of the yeararound domestic hot water load and a
significant portion of the space heating
load. A feasibility study supporting
this conclusion was presented, and the
client requested a solar heating system

The architectural design of the building
complex, in addition to being attrac
tive, also includes a number of energy
efficient features, both from the heat
ing and cooling point of view. The
lower levels of many of the buildings
are below grade. All windows are double
pane with a highly reflective bronze
glazing. When large area windows were
desired, such as in the headquarters
building adjacent to the field house as

design.

3.

PASSIVE DESIGN REQUIREMENTS

The passive design requirements are
satisfied by proper orientation of the
site plan and layout of the buildings as
shown in Figure 2, energy-efficient
419

grouped in modules of three. The three
collectors are piped and arranged end to
end in series up the incline roof. This
is shown most clearly in the right
foreground of Figure 3.

FIGURE 2

LAYOUT OF AIRBORNE AND PHYSICAL TRAINING SCHOOL
1------- ---- 1

r--- 1

Each roof panel supports 72 threecollector modules connected in parallel
to common manifolds at the top and
bottom of each panel. This arrangement
minimizes the amount of manifolding
required for the 2592 collectors. The
footage of piping in the distribution
system is minimized also by the effi
cient arrangement of the collectors, the
storage tanks, and the utility tunnels,
in relation to all the buildings.

Field House

Domestic

Bldg Heating

[oooj

ioool

Just as it was important to insulate the
buildings to minimize heat losses, it
was important to insulate all hot com
ponents of the solar system. Primarily
this includes the piping, the storage
tanks and the heat exchangers. The
insulation thicknesses on all these
components were cost-justified by com
paring the cost of extra insulation to
the corresponding savings due to less
heat loss.
4.
Community
Center

SYSTEM DESIGN

The system design requirements are high
reliability and maintainability, ease of
construction, adequate thermal per
formance, cost effectiveness, and a 20year design life. These requirements
are discussed in general in this section
and in more detail in the following
sections.
High reliability and main
tainability were achieved by the use of
fewer active components, the use of
standby and multiple units, and exten
sive use of conventional components.

shown in Figure 1, they were placed on
the north side of the building to mini
mize summer heat gains.
In most of the
buildings, the glass area is minimal.
The south exposed windows are recessed
and equipped with overhanging structure
to provide natural shading in the sum
mer. The larger heat losses present
during windy weather is also minimized
by the recessed window design.

The use of conventional components con
tributed greatly to constructability.
When nonconventional components were
necessary, the designs were carefully
documented. Thermal performance was
often a trade off with most of the other
design requirements. Trading a small
increment of system capacity for a
simpler system was a typical exercise
resulting in a cost effective design
with a 20-year life expectancy.

The buildings that are solar heated have
a total floor space of 325,000 square
feet and are equipped with above stan
dard insulation in the roof and walls.
This insulation in conjunction with the
low area, double pane windows, allows
most of the buildings to meet ASHRAE
Standard 90-75,(2)
A bird's-eye view of the 300 by 400 foot
field house roof (about the size of
three football fields) is shown in
Figure 3. The folded-plate design pro
vides twelve south-facing roof panels
where the collectors are attached dir
ectly to the roof at an inclination
angle of 45 degrees. This roof angle is
optimum for maximum winter-time collec
tor capacity when both domestic hot
water and building space heating are
required. All of the collectors are

The above design requirements are re
flected in the following detailed
discussion of the system design, func
tion, and sequence of operations.
4.1

ALTERNATE SYSTEM DESIGNS

Three alternate systems were designed
and presented to the client. The cost
and pay back, relative to the portion of
420

FIGURE 3
SOLAR COLLECTORS ON FIELD HOUSE ROOF

heat load supplied, were determined for
each of the following alternates:
(1)

Year-around domestic hot
water, only

(2)

Domestic hot water and as much
of the building heat load that
could be supplied, if the
field house roof were filled
to capacity with collectors

(3)

Domestic hot water and total

After reviewing the various collector
designs on the market, it was found that
four basic designs were available that
would meet the mechanical and thermal
performance requirements of the Saudi
application. These four design cate
gories include (a) a selective absorber
plate surface with single or double
glass covers, and (b) a nonselective
absorber plate surface with single or
double glass covers. To establish a
standard performance level for each of
the above four collector categories, it
was necessary for Sverdrup & Parcel
engineers to develop a computer program
that would calculate transient daily
performance as a function of the thermal
properties of the collector components.
(3)
The thermal properties of the more
promising collectors in each of the four
categories were obtained, and a set of
mean thermal properties was established
for each category. Through the use of
these properties and the above computer
program, a standard performance level
was established for each category, as
shown graphically in Figure 4.

building load
The first two systems are reasonably
cost effective while the third is very
expensive.
However, the combination was
useful in presenting the broad picture
to the client. S&P recommended system
(2 ), and the client approved it.
Having established the maximum collector
area, the capacity of the system was
then a function of the performance of
the selected collector. This step in
the design program is described in the
following section.
421

4 .3

FIGURE 4
STANDARD
CO LLECTO R PERFO RM AN CE

SYSTEM

DESCRIPTION

The simplified flow schematic introduces
the solar system as shown in Figure 5.
Additional illustrations will be used to
explain the various features in more
detail. The collectors shown in Figure
5 transfer the solar heat into the
collector circuit water. This water is
normally pumped to one of the two para
llel heat exchangers, one at a time, via
the corresponding flow control valve,
FV1 or FV2. The solar heat is trans
ferred to one of the storage circuits,
either domestic hot water or building
heating water, where it is stored in the
tanks. From the tanks the hot water is
distributed to the various buildings as
needed.
Flow control valve FV3 is
opened occasionally to allow continuous
heat removal from the collector circuit
via the surplus heat release radiator,
to the atmosphere. This occurs when
both storage facilities are filled to
capacity or when the collected water
exceeds the upper temperature limit.
Continuous heat removal is necessary
during significant insolation periods to
prevent excessive water vapor pressure
buildup in the collector circuit.

Mean Fluid Temp.—°F

FIGURE 5
S IM P L IF IE D F L O W S C H E M A T IC
S O L A R H E A T IN G S Y S T E M

It may be noted in Figure 4 that the
collector with a selective surface and a
single glass cover collects more heat
than the same collector with double
glass covers in the applicable tempera
ture range. The mean temperature range
necessary to supply heat for the re
quired loads is 120 to 135 F, as shown
by the vertical dash lines.
In con
trast, the nonselective surface collec
tor is more efficient when used with the
double glass covers. The final conten
ders were (1 ) a selective surface with a
single glass cover, and (2 ) a nonselec
tive surface with double glass covers.
A chromium oxide selective surface was
found to be cost effective when compared
to the nonselective black paints, espec
ially in the quantity this system
requires. The extra cost of the selec
tive surface is approximately the same
as the extra glass cover in the non
selective collector. The costs, then,
of the two collectors are about the
same, and the selective surface col
lector has a 30 percent higher daily
capacity. Therefore, the collector
design category with a selective surface
absorber plate and a single glass cover
was selected for this program.
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The unique feature of this system is the
stratified storage in the series con
nected, 45-foot tall upright tanks. The
water remains well stratified--the hot
water on the top and the cold on the
bottom--in the effective three-tank
height of 135 feet. Note that the hot
water is always added or removed from
storage on the right hand side, and vice
versa for the cold water on the left
hand side. No control valves are used
to divert hot water directly to any of
the three tanks, as is often the case in
a typical system. Also, note the larger
than typical temperature differences of
the water on each side of the heat ex
changers. These A T 's are nominally 75 F
and 35 to 40 F, respectively, at the
domestic hot water and building hot
water heat exchangers, and thus through
the collectors. These A T 's are large
compared to a typical system AT of 10 to
15 F. Thus, the required flow rates in
the collector and storage circuit are
smaller. This results in lower pumping
power.

FIGURES
D O M E S T IC W A T E R H E A T IN G A N D S T O R A G E

The stratified storage is advantageous
in that the 140 F required hot water can
be used simultaneously while being
collected during the day time, and 80%
to 90% of the hot water stored can be
used the following night before the
temperature drops below the requirement
of 140 F.
This system with the stratified storage
feature is significantly more efficient
than a single mixed tank system which
also would be controlled to deliver 140
F water at all times. Both systems were
modeled on a Solar System Computer
Program, which showed an 11 percent
higher capacity for the stratified
system. (4)

sized for a single day's supply of hot
water since insolation is very depend
able on an everyday basis. Temperature
sensors are equally spaced at five
vertical locations in the wall of each
tank and designated as TE10-1 to -15.
These sensors indicate the amounts of
hot and cold water.

In general, the stratified storage
feature with fewer flow diverting valves
and the lower pumping power requirement
results in a simple, reliable system
which is thermally efficient and cost
effecti ve.
4.3.1

The sequence of operation is controlled
to provide first priority to heating
domestic hot water each day, since the
collectors operate at a more efficient
temperature in this mode. The collector
pump is automatically turned on in the
morning when the collector temperature
TE1 reaches 165 F. When the temperature
at the inlet of the heat exchangers
reaches 155 F, the collector circuit
flow is modulated via TV1 to maintain
155 F at TE3. Simultaneously, the
storage pump is turned on and the flow
is modulated via TV2 to maintain 145 F
at TE5. This mode of operation will
continue until the preselected tank
sensor, for example TE10-13, senses a
temperature of 120 F. This provides a
signal to switch the collector circuit
to the building heating water storage
ci rcui t.

Domestic Hot Water

The domestic water heating and storage
portion of the system is shown in more
detail in Figure 6. The standby pumps,
the multiple heat exchangers, and the
multiple storage tanks provide higher
reliability and greater assurance of
continuous normal operation. The size
of the heat exchangers were optimized
via trade of extra cost for larger heat
exchangers for higher capacity of the
collector at the resulting lower opera
ting temperature. The storage tanks were
423

With the well insulated piping, only a
total flow of 3 gpm will be returned to
the tanks.

FIGURE 7
D O M E S T IC H O T W A T E R D IS T R IB U T IO N

4.3.2

Building Heating Water

A primary-secondary distribution system
is used with a secondary pump in each
building, as shown in Figure 8 . Regard
less of the temperature of the hot water
supplied to each building, this distri
bution system is designed to maintain a
primary return water temperature between
90 and 100 F. This is done by mixing
primary supply water with secondary
return water via TV5 to maintain 120 F
at the inlet of the building heating
coils. The design of the heating coils
and corresponding temperature control
valves shown at the coil exits controls
the return water temperature to 90 F on
a cold design day, and to a higher
temperature between 90 F and 100 F on
warmer days. The 100 F was assumed to be
the nominal design temperature.

Water
Supply

Moving from the building heating water
distribution circuit to the corres
ponding heating and storage circuits in
Figure 9, again standby pumps, and
multiple heat exchangers and storage
FIGURE 8

The auxiliary boiler is maintained in a
standby condition for heating water in
the storage tanks in the same manner as
the solar system does. The auxiliary
boiler is turned on when the proper
level of hot water in the tanks is not
maintained.
By using the storage tanks
in conjunction with the boiler, its
required capacity is only 20 percent of
the instantaneous heating requirement at
the peak usage periods of the day.

B U IL D IN G H E A T IN G W A T E R D IS T R IB U T IO N

The special features of the domestic hot
water distribution to the fourteen
buildings are shown in Figure 7. Hot
water from the storage tanks is driven
through the primary distribution mains
in the utility tunnel to each building
by the pressure at the cold water supply
point on the left side of the figure.
The pump shown is used to pump a small
quantity of water from each building
which has cooled off during low usage
periods and replaced with hot water.
In
a conventional system, the pumping rate
would be about 2 or 3 gpm per building.
This total flow rate could not be per
mitted in this stratified storage system.
It would tend to mix the hot and cold
water in storage and eventually pump the
cold water in tank (3) to the buildings
at night. Therefore, each building is
equipped with a thermostatic control
valve to allow only enough return flow
to maintain 120 F in each building.

1

Bldg
Heating
Coils
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4.3.3

FIGURE 9

Heat Collected and Heat Load

B U IL D IN G W A T E R H E A T IN G A N D S T O R A G E

The profiles of total heat load and
solar collection capacity as shown in
Figure 10, indicates that 70 percent of
the load can be satisfied by the solar
system. The higher load curve in the
wintertime relative to the collection
capacity illustrates the value of the
system flexibility as indicated above in
transferring surplus heat slated for
domestic heating to building heating in
the four to five winter months.
In the
summer months when more heat can be
collected than is needed, some of the
collector will be deactivated.
4.3.4

Freeze Protection

A means of freeze protection is needed
in the winter when the collector plate
temperature is expected to drop into the
upper 20's, especially in January. When
a freeze condition is indicated, the
residual water in the collector circuit
will be circulated.
If this water tem
perature drops below 40 F, heat will be
transferred from the building heating
storage tanks.
4.3.5

Cost Effectiveness

The costs and savings have been deter
mined based on a 20-year life cycle
analysis. The costs are based on a loan
at 10 percent interest to make first
cost payments, on an annual 5 percent
replacement of parts, and on annual

tanks are denoted. The storage tanks are
sized to store the extra heat collected
on a typical winter day after the domes
tic water heating requirement has been
satisfied. The corresponding tempera
ture rise of the storage water is 35 F.
Thus, the 100 F return water is heated
to 135 F as TV3 modulates the storage
circuit flow to maintain TE8 at TE7 +
35 F. The necessary flow control in the
collector circuit is made by TV1 to hold
TE3 at TE7 + 55 F. Thus, the tempera
ture control of both the collector
discharge water and the heated storage
water are referenced to the return
temperature. This type of control is
advantageous in that when the return
temperature is 90 F instead of 100 F,
the collectors are controlled to a
lower, more efficient temperature.
Another advantage of this system is that
when less heat is required for heating
domestic water on a winter day, this
additional heat can be stored in the
building heating water tanks. The upper
temperature limit of the stored water is
180 F at TE11-1. This extra heat can
then be used the following day to heat
the buildings, and thus save fuel con
sumed by the auxiliary boiler as the
stored water supply temperature drops
below^ 120 F.

FIGURE tO
S O LA R HEAT C O LLE C TE D A N D HEAT LO AD
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maintenance and usage of electrical
power. The savings are based on No. 2
fuel oil at 40<f/gallon, a 10 percent
earnings on the savings, and an annual
oil cost escalation of 20 percent. This
results in a pay back period of 16
years.
5.
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CONCLUSIONS

The thermal performance of the system is
attractive in that 70% of the total heat
load is supplied by solar energy. This
70% includes 100% of the domestic hot
water load and 40% of the building space
heat load. The system is flexible in
that the collected energy can be trans
ferred to where it is needed most, and
the collector temperature is controlled
to provide maximum capacity.
Its good
reliability, maintainability, and cost
effectiveness can be attributed pri
marily to simplicity of system design
and to extensive use of conventional _
components. And the price tag is fairly
reasonable with a pay back period of 16
years. With the replacement of parts
included in the cost analysis, the
system should be usable for a total of
30 to 35 years.

Mr. Sherril F. Glover is acting as Pro
ject Group Leader specializing in HVAC
and solar energy system design and
analysis for commercial buildings and
industrial facilities. His current
assignment is the design of the above
Central Solar Heating System. Other
recent assignments include solar cooling
and solar heating analyses for new
office buildings. Mr. Glover received a
B.S. with honors in Mechanical Engi
neering from the University of Illinois
in 1959. He is an active member in the
Missouri Solar Energy Associates and
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